Vol. 63 | No. 6 | 2017
The observation of the localization of fluorescently tagged proteins in root tissue is useful for a wide range of plant-related research. Protein localization and/or the polarity of radial (transverse) profiles are often examined. To obtain such profiles, either cross-sectioning of root tissue or three-dimensional (3-D) reconstruction of longitudinal images is required.
For physical cross-sectioning, roots are typically embedded in a supporting medium, such as agarose, paraffin, or resin, since roots are too thin to be handled without support. Embedding often involves heating of the samples, which may introduce artifacts. Before embedding, plants are often killed and treated with a fixative, such as formalin-aceto-alcohol (FAA), to preserve the cells in their natural condition (1). However, chemical fixation is often incompatible with the use of fluorescent proteins. Therefore, non-fixed tissue should ideally be observed over a short time scale to minimize artifacts related to protein localization. 3-D reconstruction is another method for obtaining root cross-sectional images of fluorescent proteins, but even for relatively thin Arabidopsis roots, which have a diameter of ~130 mm, the inner tissues are too deep for confocal microscopy to obtain clear images for 3-D reconstruction.
Among the commonly used methods, cross-sectioning of roots embedded in agarose gel as the supporting medium is a simple and time-saving technique compared with embedding in resin or paraffin; however, the embedding steps are still artifact-prone. During these steps, the roots are exposed to melted gel, the temperature of which is higher than that of standard plant growth conditionstypically 22°C for Arabidopsis thalianaeven if low-melting-temperature agarose is used. In addition, to ensure less damage to tissue sections, it is important for the embedding gel to be sufficiently polymerized. For this reason, some protocols require a gel solidification step at 4°C for 3 h (2). For non-fixed plant tissue, this time-scale and the effects of high or low temperature increase the risk of artifacts.
The method described here minimizes these disadvantages by omitting the artifact-prone gel-embedding steps through the use of plant growth medium as the embedding medium for sectioning. This allows plants to be kept under growing conditions until minutes before observation.
We observed the radial accumulation pattern of the green fluorescent protein (GFP)-tagged A. thaliana boron transporters NIP5;1 and BOR1 (3,4) using our new method. These proteins are expressed under low-boron conditions and are known to have a polar localization (5, 6) . MGRL medium (7) containing 0.3 µM boric acid and solidified using 3% gellan gum was used as the growth/embedding medium. For preparation of precise transverse sections, the roots must grow straight within the gel. To guide root growth, the medium was vertically perforated with sterilized acupuncture needles 100 µm in diameter (Seirin, Shizuoka, Japan) ( Figure  1A ). To guide the germinated root into the pinhole, a pit was made on the top of the pinhole with a sterilized toothpick ~1 mm in diameter ( Figure 1B ). Seeds were surface-sterilized with 70% ethanol for 5 min followed by 99.5% ethanol for 1 min. After sterilization, seeds were placed in the pits ( Figure 1C ). Plates were kept at 4°C for 1-3 days before incubation in a growth chamber set to 22°C under a 16 h light/8 h dark cycle. Approximately 4 days after germination, seedlings with roots growing through the holes ( Figure  1D ) were selected and cut out from the
Preparing thin cross sections of Arabidopsis roots without embedding
Here, we describe a method for obtaining thin cross sections of Arabidopsis thaliana roots without fixation and embedding. Roots were grown in pinholes made in a solidified growth medium, and cross sections were prepared without pretreatment. Using this method, we detected unique distributions of two polar-localized proteinsgreen fluorescent protein (GFP)-tagged BOR1 and NIP5;1-with less sample preparation time than conventional methods. This method is simple, rapid, and yields high-quality cross-section images that are free from artifacts commonly associated with embedding or the sample preparation procedures used in many conventional methods.
Benchmarks

METHOD SUMMARY
Here, we present a method for obtaining fresh, thin cross sections of roots without gel-embedding by allowing the roots to grow into pinholes in growth medium, with the latter acting as the embedding gel. Without the need for any pre-processing, 100-200 µm-thick cross sections can be obtained by sectioning the root-containing gel. This procedure allows observation of the localization of fluorescently tagged proteins within a few minutes after the start of root treatment. Figure 1E) . The gel was then trimmed into a frustum that was 5-10 mm on the bottom side ( Figure 1F ). The trimmed gel was cut into slices 200-µm-thick with a vibratome (Micro Slicer Zero 1; Dosaka EM, Kyoto, Japan). The cutting bath was filled with PBS (137 mM NaCl, 2.68 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4), which is critical for observation of GFP as low pH weakens GFP fluorescence (8) . The gel slices were collected with a fine-point brush and immediately imaged with a confocal microscope (FV1000; Olympus, Tokyo, Japan). For visualization of the plasma membrane, 4 µg/ mL FM4-64 (Thermo Fisher, Yokohama, Japan) in PBS was used as the mounting solution for microscopy.
Cross-section images are shown in Figure 2 . Inward and outward polarities of BOR1-GFP and GFP-NIP5;1, respectively, were evident in the cross sections (9) . In addition, it should be noted that the profile seemed to be free from surface-dependent expression pattern artifacts; this was not necessarily the case in previous reports, in which fluorescence was absent in some parts of the cross sections (10) . A. thaliana seedlings are commonly grown on the surface of gel-solidified medium; therefore, some of the root surface is in contact with the medium, while the other side is exposed to the air. This may cause a bias in the expression patterns of proteins for which expression is regulated according to the local environment. In our method, as roots grow through the hole, which is slightly narrower than the root diameter, the whole root surface is in contact with the medium, thus ensuring a uniform environment surrounding the roots. Although different growth conditions may cause other artifacts derived from possible differences in growth, no significant difference was detected in root growth after 4 days between plants grown into media [5.81 ± 1.28 mm (mean ± SD), n = 57) and plants grown on the surface of medium plates (5.61 ± 1.75 mm, n = 24) (P = 0.61, Welch's t-test). In this no-embedding cross-sectioning method, as the roots are maintained in the growing medium until the time of trimming, the interval between the first physical stress and observation by microscopy can be reduced to a few minutes. This not only minimizes artifacts caused by the embedding step, but also decreases sample preparation time by omitting the embedding process. This rapid sample preparation technique renders observation of protein localization in non-fixed root tissue more reliable.
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